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Abstract 
The use of metamaterial as a way to mitigate the negative effects of absorption in metals on the Purcell effect in metal-
dielectric structures is investigated. A layered metal-dielectric structure is considered as an anisotropic medium in the 
long-wavelength limit. The dispersion of the surface plasmon appearing at the boundary between such a structure and a 
different dielectric material, as well as the position of the peak in the local density of states are studied for various 
combinations of materials and filling factors of the periodic structure. The calculated frequency dependence of the Pur-
cell factor demonstrates an increase in peak value compared to the conventional plasmonic structure. 
 
      Surface plasmon, a localized state of an electromagnetic field at the interface between a metal and a dielectric, was 
predicted more than sixty years ago.1 Due to the formation of such states, metal-dielectric structures can facilitate a 
strong light-matter interaction and therefore attract significant research interest.2-5 For example, field localization pro-
vides possibilities for the development of subwavelength optical devices,6, 7while the increased amplitude of the field 
near the interface allows to utilize such systems in sensor devices8, 9. Moreover, a number of spectacular effects caused 
by surface plasmons can be mentioned,10-13 in particular, a surface-enhanced Raman scattering14, 15 and the Purcell effect16, 
which is the enhancement of spontaneous emission probability in an inhomogeneous medium. The latter phenomenon 
is crucial for increasing the efficiency of light emission in optoelectronic and photonic devices.17, 18 
Previously, it was shown theoretically that the major enhancement of the spontaneous emission probability can be 
achieved in plasmonic structures due to a high local density of states (LDOS)19. However, this conclusion has been 
argued20 in recently published paper21 , where it was demonstrated that for the frequency range, where the LDOS peak 
is occurring, this enhancement is dramatically reduced due to light absorption in metals. Nevertheless, the existence of 
features in the dispersion curve suggests that the effective utilization of the surface plasmons still can be achieved22. 
A possible way to obtain higher magnitudes of the enhancement of the spontaneous emission probability is to shift 
the LDOS peak to the low frequency range, where absorption is lower. Different structures have been proposed, where 
the properties of material depend on the geometry and are described by values such as effective plasma frequency23, 24. 
These material systems include metallic wire structures25 and various 3D-metamaterials26-28, which are interesting but 
hard to model, fabricate and, most importantly, the control of dispersion in them is not obvious. 
On the other hand, one-dimensional metal-dielectric structures are easy to manufacture, and at the same time, surface 
plasmon dispersion at the interface between such a metamaterial and a dielectric obeys quite simple rules, as was shown 
previously29, 30. Thus, we investigate in this work surface plasmon states in one-dimensional metal-dielectric structures. 
In particular, we obtain the values of the LDOS peak frequency depending on the metamaterial filling factor and we 
calculate the possible values of the Purcell factor. 
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Fig. 1: (a) Geometry and composition of the structure. Silver and blue colors denote metallic and dielectric layers 
of metamaterial, respectively. The purple color denotes dielectric cladding. The red curve represents the electric field of 
the surface plasmon. (b) Dielectric constant dispersion in materials used in calculations (solid – real part, dashed – 
imaginary part): red – silver, blue – CBP, green – silica. 
 
 
The proposed metamaterial is a one-dimensional structure consisting of alternating layers of metal and dielectric 
parallel to the 𝑥𝑦 plane (see Figure 1). The dielectric functions are labeled by 𝜀𝑀𝑒 and 𝜀𝐷, and the corresponding layer 
thicknesses by 𝑎 and 𝑏, respectively. We denote the fraction of metal in the metamaterial, i.e. the filling factor, as 
𝛼 =
𝑎
𝑎 + 𝑏
 (1) 
It is known that in the long-wavelength limit, which is satisfied for the low-frequency range, such a structure can be 
considered as a uniform anisotropic medium with a dielectric tensor: 
(
𝜀𝑥 0 0
0 𝜀𝑥 0
0 0 𝜀𝑧
) 
(2) 
Note that only two different non-zero components are present. They are defined as: 
𝜀𝑥 = 𝛼𝜀𝑀 + (1 − 𝛼)𝜀𝐷,
1
𝜀𝑧
=
𝛼
𝜀𝑀
+
1 − 𝛼
𝜀𝐷
 (3) 
In such medium, two possible types of waves can propagate: ordinary and extraordinary. Without loss of generality, 
we can assume that for all of them 𝑘𝑦 = 0 due to the symmetry of the structure. The wavevector of the ordinary wave 
satisfies the following relation 
𝑘𝑥
2 + 𝑘𝑧
2 = 𝜀𝑥𝑘0
2, 𝑘0 = 𝜔/𝑐 (4) 
And the wavevector of the extraordinary wave satisfies the equation: 
𝑘𝑥
2
𝜀𝑧
+
𝑘𝑧
2
𝜀𝑥
= 𝑘0
2 
(5) 
If this metamaterial is stacked with a cladding whose dielectric constant equals to 𝜀1 (see Figure 1), a surface plasmon 
state will appear. If we denote the 𝑧-component of the wavevector in the dielectric medium as 𝑘𝑧1 and in the metamaterial 
as 𝑘𝑧2, then the boundary condition will give (apart from the conservation of the 𝑘𝑥 component) the following dispersion 
relation for an ordinary-type plasmon: 
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𝑘𝑥 = 𝑘0√
𝜀1𝜀𝑥
𝜀1 + 𝜀𝑥
 
(6) 
This is similar to a conventional plasmon dispersion: 
𝑘𝑥 = 𝑘0√
𝜀1𝜀𝑀𝑒
𝜀1 + 𝜀𝑀𝑒
 
(7) 
For an extraordinary plasmon, the dispersion has the form: 
𝑘𝑥 = 𝑘0√
𝜀1
2𝜀𝑧 − 𝜀1𝜀𝑥𝜀𝑧
𝜀1
2 − 𝜀𝑥𝜀𝑧
 
(8) 
We will show now that using a metamaterial can indeed shift the LDOS peak to the low-frequency range. If a metal 
is modelled by the Drude theory, its dielectric constant has the form 
𝜀𝑀𝑒(𝜔) = 𝜀0 −
𝜔𝑝
2
𝜔(𝜔 + 𝑖𝛾)
 
(9) 
For a metal-dielectric interface (when no metamaterial is used), the frequency for the LDOS peak can be estimated 
when the absorption (𝛾) is small: 
𝜔𝑝𝑒𝑎𝑘
(0) =
𝜔𝑝
√𝜀0 + 𝜀1
 (10) 
As aforementioned, since the Drude theory can be used to describe the metal in the low-frequency range, we can 
apply several algebraic transformations to equations 6 and 8 and get for an ordinary plasmon following: 
𝜔𝑝𝑒𝑎𝑘
(𝑜𝑟𝑑) =
𝜔𝑝
√𝜀0 + 𝜀1 +
1 − 𝛼
𝛼
(𝜀𝐷 + 𝜀1)
 (11) 
And for an extraordinary plasmon, we obtain: 
𝜔𝑝𝑒𝑎𝑘
(𝑒𝑥𝑡) =
𝜔𝑝
√𝜀0 + 𝜉 ± √𝜀1
2 + 𝜉2
, 𝜉 =
(1 − 𝛼)(𝜀𝐷
2 − 𝜀1
2)
2𝛼𝜀𝐷 
 
(12) 
 
It is clear that for an ordinary-wave plasmon, any value of 𝛼 leads to a decrease in the peak frequency, while for an 
extraordinary one it is necessary to select “+” in “±” and satisfy 𝜉 > 0 or 𝜀𝐷 > 𝜀1. Moreover, when 𝜉 = 0 there is 
actually no difference in dispersion between the equation 8 and the usual equation 7, that is, using the same material for 
the filling and for the cladding will not lead to the appearance of a distinguishable extraordinary-wave plasmon. 
Another important point is that 
lim
𝛼→0
𝜔𝑝𝑒𝑎𝑘
(𝑜𝑟𝑑,𝑒𝑥𝑡) = 0 (13) 
For the extraordinary plasmon, this is valid only when 𝜀𝐷 > 𝜀1. In other words, by reducing the fraction of metal, 
we can achieve an arbitrarily small peak frequency – without changing the materials. 
In the following, we demonstrate how the proposed structure can be used to control the properties of the metamate-
rial, the dispersion of a surface plasmon, and the value of the Purcell factor. We will use silver as an example of metal. 
The value of its dielectric constant is taken from the experimental work31. As for dielectric, we will use several materials 
One of them is the organic light-emitting compound 4,4-Bis(N-carbazolyl)-1,1-biphenyl (CBP) that was previously stud-
ied for its suitability for silver-based plasmonic structures32. CBP is used as an example of a filling material and silica 
(𝜀 = 1.452) as a cladding material. 
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A straightforward calculation of the dispersion of dielectric tensor components using equation 3 gives the results 
shown in Fig. 2. An important feature of the 𝜀𝑧 dependence is a double peak and a change of sign at a sufficiently large 
value of 𝛼. 
 
 
Fig. 2:  Dependence of real (solid lines) and imaginary (dashed lines) parts of the dielectric tensor components: a) 𝜀𝑥 and b) 𝜀𝑧 
on frequency for different values of 𝛼 (red: 𝛼 = 0.2, blue: 𝛼 = 0.4, green: 𝛼 = 0.6) in a silver/CBP metamaterial. Black lines 
denote dispersion of silver dielectric constant. 
The surface plasmon dispersion calculated according to equations 6 and 8 is shown in Fig. 3. For comparison, the 
dispersion of a simple surface plasmon at the interface between silver and both used dielectrics (CBP and silica) is also 
shown. Importantly, the plasmon associated with an ordinary wave is proved to be more effective in reducing the peak 
frequency of LDOS. It is obvious that by varying the filling factor 𝛼 one can tune the peak frequency to any wavelength. 
 
Fig. 3: Dispersion of the surface plasmon at the interface between silver/CBP metamaterial and silica: ordinary surface plasmon 
(solid lines), extraordinary surface plasmon (dash-dotted lines). Colors denote different values of 𝛼 (red: 𝛼 = 0.15, blue: 𝛼 =
0.2, green: 𝛼 = 0.7) in a silver/CBP metamaterial. Black lines denote dispersion of a simple plasmon at the interface between 
silver and CBP (dotted line) and silica (dashed line). 
The values of the Purcell factor have been calculated using the method described in detail previously21. The results 
are shown in Fig. 4(a), where, for comparison, the values of the Purcell factor for a simple interface plasmon are also 
shown, and in Fig. 4(b) where the maximum value of the Purcell factor is plotted against the filling factor 𝛼. Clearly, 
lowering the LDOS peak frequency towards the low-absorption range is proven to be effective. The value of the Purcell 
factor can be easily increased tenfold. Importantly, a decrease in the value of the filling factor 𝛼 increases the value of 
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the Purcell factor for an ordinary plasmon. For very small values of 𝛼 the maximum Purcell factor is approaching zero 
as there can be no surface plasmon on a dielectric-dielectric boundary (since at 𝛼 = 0 the metamaterial is nothing more 
than a dielectric). When 𝛼 is increasing in the middle of its range, the value of the Purcell factor tends to decrease due 
to higher absorption and penetration of the electric field into the metamaterial half of the structure. Finally, at 𝛼 = 1 the 
maximum value of the Purcell factor is equal to the value for the conventional metal-dielectric interface plasmon as 
expected. Between the ordinary- and extraordinary-wave plasmons, the former is again more effective in enhancing the 
Purcell effect. The complex shapes of the curves in Fig. 4(b) are a consequence of the irregularities in the experimentally 
measured refractive index values for silver and CBP, to which the peak Purcell factor value is very sensitive. 
 
Fig. 4: (a) Dependence of the Purcell factor on frequency for an interface between silver/CBP metamaterial and silica. 
Ordinary surface plasmon (solid lines), extraordinary surface plasmon (dash-dotted lines). Colors denote different values 
of 𝛼 (red: 𝛼 = 0.15, blue: 𝛼 = 0.2, green: 𝛼 = 0.7) in a silver/CBP metamaterial. Black lines denote Purcell factor of a 
simple plasmon for an interface between silver and CBP (dotted line) and silica (dashed line). (b) Dependence of the 
maximum Purcell factor on the value of 𝛼 for the same structure. Ordinary surface plasmon (solid lines), extraordinary 
surface plasmon (dash-dotted lines). 
 
To conclude, we have shown that the peak of local density states associated with the surface plasmon and the asso-
ciated peak in the Purcell coefficient can be shifted towards lower energy, where the absorption of metal decreases if the 
bulk uniform metal is replaced by periodic metal- dielectric structures. The shift of the LDOS peak toward lower energy 
is accompanied by increase in the peak value of the Purcell coefficient. For the surface plasmon localized at the interface 
between the silver/CBP metamaterial and silica, the peak value of the Purcell coefficient can be shifted to visible/infrared 
energy range, where the value of the Purcell coefficient is increased by one order of magnitude. 
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